Mutations in NEFL encoding the light neurofilament subunit (NFL) cause Charcot-Marie-Tooth disease type 2E (CMT2E), which affects both motor and sensory neurons. We expressed the diseasecausing mutants NFL P8R and NFL Q333P in motor neurons of dissociated spinal cordYdorsal root ganglia and demonstrated that they are incorporated into the preexisting neurofilament network but eventually disrupt neurofilaments without causing significant motor neuron death. Importantly, rounding of mitochondria and reduction in axonal diameter occurred before disruption of the neurofilament network, indicating that mitochondrial dysfunction contributes to the pathogenesis of CMT2E, as well as to CMT caused by mitofusin mutations. Heat shock proteins (HSPs) are involved in the formation of the neurofilament network and in protecting cells from misfolded mutant proteins. Cotransfection of HSPB1 with mutated NEFL maintained the neurofilament network, axonal diameter, and mitochondrial length in motor neurons expressing NFL . Thus, there are NFL mutantYspecific differences in the ability of individual HSPs to prevent neurofilament abnormalities, reduction in axonal caliber, and disruption of mitochondrial morphology in motor neurons. These results suggest that HSP inducers have therapeutic potential for CMT2E but that their efficacy would depend on the profile of HSPs induced and the type of NEFL mutation.
INTRODUCTION
The term Charcot-Marie-Tooth disease (CMT) refers to a group of slowly progressive, peripheral neuropathies that affect large motor and sensory axons (1) . The disease does not decrease life span but can result in muscle weakness, atrophy, and severe disability (2) . Although clinically heterogeneous, CMT has been subdivided according to 2 major phenotypes: predominantly demyelinating forms (CMT1) and predominantly axonal forms (CMT2). To date, 14 missense and 2 deletion mutations in the NEFL gene have been identified in autosomal dominant CMT2E and CMT1F (3Y10). The disease-linked mutations are located throughout the functional domains of the Blight[ molecular weight neurofilament protein (NFL), which associates with subunits of Bmedium[ (NFM) and Bheavy[ (NFH) molecular weight to form coiled-coil dimers and then 10-nm filaments (11) . When they are expressed in cultured neurons, NFL mutants act in a dominant manner to disrupt the endogenous neurofilament (NF) network, causing bundling of NFs and/or aggregation of NF proteins into inclusions (12Y14). Formation of NFs can be affected at different levels of assembly depending on the location of the mutation in the functional domains of NFL (i.e. head, rod, or tail domain). For example, NFL Q333P introduces a Bpro-kink[ in the >-helix of the rod domain (8, 13) , which likely impairs the dimerization of NF proteins, similar to the effect of an equivalent amino acid substitution in keratins K14(V 186 P) and K17(I 155 P) on their ability to form heterotetramers (15) . On the other hand, NFL P8R is located in the head domain of NFL (4); phosphorylation of residues in this domain is known to affect NF assembly/ disassembly (16Y18).
In addition to their regulation by phosphorylation, the ordered assembly and turnover of NF involves other proteins, such as heat shock proteins (HSPs), that serve as chaperones of protein folding and protein interactions. HSPB1 (Hsp27) and HSPA8/HSPA1 (Hsc70/Hsp70), in particular, may play important roles in maintaining a normal intermediate filament (IF) network (19Y24) . The role of HSPB1 in NF organization is underscored by the fact that HSPB1 mutants, which cause another form of CMT2, disrupt NF assembly (14, 25, 26) .
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In addition to their normal roles in regulating IF assembly, HSPs could prevent aggregation of mutant NFL through their general protein chaperoning function. Upregulation of specific HSPs or HSP networks reduces the aggregation and toxicity of mutant proteins that are responsible for several genetic motor neuron diseases, including mutant superoxide dismutate 1 and polyglutamine-expanded androgen receptor (27Y29) and mutant peripheral myelin protein 22 associated with CMT1A (30) . The coexpression of HSPB1 reduces aggregation of CMT2E-causing mutant NFL proteins in motor neurons (14) .
Application of HSP-based therapy requires an understanding of the most effective HSPs for a given situation, and how levels of those HSPs are affected by therapeutic agents in the target tissue. The various families of HSPs have different substrate specificities and different abilities to refold protein, and they are regulated differently by cellular stress and drugs. We used a primary motor neuron culture model of CMT2E to compare the neuroprotective effect of coordinated expression of heat shock factor 1 (Hsf1)Yregulated HSPs, of HSPA1 alone, and of HSPB1, a member of the small HSP family. The results show that HSPA1 and HSPB1 have markedly different efficacy in the prevention of neurofilament abnormalities and of earlier mitochondrial and axonal alterations that depend on the specific NFL mutant expressed.
MATERIALS AND METHODS

Antibodies
Mouse and goat anti-myc (clone 4E10 and sc789, 1:600, Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-HSPB1 (sc1049, 1:2000, Santa Cruz Biotechnology), mouse anti-HSPA8 (SPA810 1:400 Stressgen Biotechnologies, San Diego, CA), anti-human-vimentin cloneV9 (1:400, Abcam, Cambridge, MA), polyclonal anti-NFM, and anti-NFH (AB1981 and AB1982, 1:600, Chemicon, Temecula, CA) were used. For immunofluorescence detection, the following antibodies were used at a 1:300 dilution: donkey Cy3 conjugated anti-mouse, anti-rabbit or anti-goat, Cy2 conjugated anti-mouse or anti-rabbit, and Cy5 conjugated antimouse or anti-rabbit (Jackson ImmunoResearch Laboratories, West Grove, PA).
Plasmids
Murine NFL Q333P and NFL P8R cDNAs were generated by site-directed mutagenesis in the bacterial expression plasmid pET23 (Norclone, London, Canada) and then subcloned into pcDNA4.1 (Invitrogen, Carlsbad, CA). pcDNA3.1-HSPB1 was constructed by Norclone by subcloning HSPB1 cDNA (GenBank: BC000510) into pCDNA3.1. pRc-CMV-NFM and pRc-CMV-NFH have been described by Robertson et al (31) , and pRc-CMV-HSPA1 has been described by Batulan et al (27) and Robertson et al (31) . pCDNA-pOCTeGFP was a generous gift from Dr Heidi McBride (University of Ottawa, ON, Canada).
Cell Cultures
The adrenal carcinoma cell line SW13 lacking IF (SW13 vim-) was cultured in Dulbecco's modified Eagle's medium with 5% fetal bovine serum and penicillin/streptomycin (0.1 mg/ml and 100 U/ml, respectively) (32) . Transfection of SW13 vim-cells was performed using the Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cultures of SW13 vim-were verified for their vimentin content by immunocytochemistry, and cultures were kept under 0.1% of vimentin-positive cells. Primary cultures of dissociated spinal cord and dorsal root ganglia (DRG) were prepared as previously described (33) . Briefly, spinal cords with attached DRG were removed from embryonic day 13 CD1 mice. After dissociation in trypsin, the cells were plated at a density of approximately 3.5 Â 10 5 per well in 12-well Nunclon culture dishes containing round glass 18-mm coverslips (Merlan Scientific, Ltd., Georgetown, Canada) coated with poly-Dlysine plus Matrigel basement membrane matrix (Sigma, Oakville, Canada). Cells were maintained in minimum essential medium enriched with 5 g/L glucose Eagle's minimal essential medium and supplemented with 3% horse serum and other growth factors (34) . On days 4 to 6, the cultures were treated with 1.4 Kg/ml cytosine-A-D-arabinoside to arrest growth of nonneuronal cells.
Microinjection
Nuclei of motor neurons were microinjected with plasmids at the following final concentrations: pCDNA4.1-NFL wt , pCDNA4.1-NFL Q333P , pCDNA4.1-NFL P8R (4 or 8 Kg/ml) pcDNA3-HSPB1 (30 Kg/ml), pRc-CMV HSPA1 (70 Kg/ml), pcDNA3-pOCT-eGFP (2.5 Kg/ml), and pcDNA3.1 empty vector (20 Kg/ml), dissolved in 5 mM Tris/0.5 mM EDTA. These concentrations resulted in expression of the encoded protein in at least 90% of injected cells after 48 hours. Identification of motor neurons and the microinjection technique have been described previously in detail (35) . Briefly, coverslips were placed in microinjection buffer (Eagle's minimal essential medium without sodium bicarbonate or L-glutamine, pH adjusted to 7.2). A minimum of 3 coverslips per condition were examined within the same culture batch, with 20 to 40 motor neurons assessed in each coverslip. Reproducibility of each result was confirmed in at least 2 different culture batches.
Determination of Motor Neuron Viability
The fluorescent marker, 70 kDa dextran-fluorescein (20 Kg/Kl; Molecular Probes, Eugene, OR.) was included in the microinjected solution with plasmids encoding NFL wt , NFL P8R , or NFL Q333P at 4 or 8 Kl/ml. Motor neurons containing the fluorescent marker were counted by epifluorescence microscopy beginning at 24 hours (day 1) to exclude those dying from injury during microinjection; viability was verified by phase microscopy (phase bright cells with distinct nucleoli). The numbers present on days 3, 5, and 7 postmicroinjection were expressed as percent of the number counted on day 1. All experiments were carried out using a minimum of 3 cultures per condition and repeated in 3 separate culture batches. paraformaldehyde in PBS for 5 minutes. After blocking with 5% horse serum in Tris-buffered saline for 30 minutes at room temperature, cells were incubated with primary antibody in blocking buffer for 2 hours at room temperature. After washing in Tris-buffered saline, fluorochromeconjugated secondary immunoglobulin Gs were added for 45 minutes at room temperature. After washing, coverslips were mounted with a fluorescence-mounting medium (DAKO, Carpinteria, CA). Confocal images were acquired using a Zeiss LSM Pascal on Axiovert 200 confocal microscope at the McGill Imaging Center. Images were analyzed using LSM image 3.1 (Zeiss, Toronto, Ontario, Canada). For 3D reconstitution, images were captured with the Pascal-1 and then reconstituted with LSM 3-1 software.
To visualize expression of plasmid-derived NFL, immunolabeling with anti-myc was carried out (7 days after microinjection of motor neurons or 24 hours after transfection of SW13 vim-cells). Organization of wild-type or mutant NFL was quantified according to the 4 major phenotypes listed in Table 1 To evaluate the effect of HSPs on the disruption of NF assembly and organization by NFL mutants, cultures were cotransfected with plasmid encoding HSPB1, HSPA1, or empty vector (control). Cultures were double-labeled with either anti-HSPB1 or anti-HSPA1 and anti-myc (to label plasmid-derived NFL) to verify expression and evaluate distribution.
Measurement of Mitochondrial Length and Axonal Diameter
Motor neurons were microinjected with pcDNA-pOCTeGFP, which encodes a mitochondrially targeted green fluorescent protein, and plasmid encoding NFL (wild type or mutant) with or without plasmids encoding HSPB1 and HSPA1. After fixation, 5 to 10 motor neuronal axons expressing enhanced green fluorescent protein (eGFP) were imaged using Zeiss, a LSM 510 Meta with a 63Â oil objective. Lengths of individual eGFP-expressing mitochondria in each axon were then measured using Image J software (http://rsb.info.nih.gov/ij). The diameter of each axon was obtained using the tools option in LSM image browser.
Statistical Analysis
Statistical analyses were performed by 2-way analysis of variance followed by Fisher post hoc analysis using Statistica software (StatSoft, Inc., http://www.statsoft.com/). Experiments were repeated in triplicate using at least 3 culture batches to establish reproducibility of the data.
RESULTS
Mutant Neurofilament Light Chain Proteins Incorporate Into the Preexisting Neurofilament Network in Cultured Motor Neurons But Disrupt Them Over Time
To generate a primary culture model of CMT2E, plasmid encoding wild-type murine NFL (NFL wt ) or 1 of 2 disease-causing mutants (NFL P8R and NFL Q333P ) was microinjected into the nucleus of motor neurons in dissociated cultures of murine embryonic spinal cordYDRG (Fig. 1A) . The microinjected solution contained dextranYfluorescein isothiocyanate as an inert marker of injected motor neurons to count surviving neurons during the course of the experiment. NFL plasmids encoded a 5 ¶ myc-his tag to distinguish plasmid-derived protein from endogenous NFL. The distribution of NFL wt , as detected by anti-myc antibodies, was typical of the endogenous NF network and indistinguishable from untagged NFL wt ( Fig. 1A and data not shown). Neither NFL Q333P nor NFL P8R caused significant neuronal loss compared with NFL wt when plasmid was microinjected at the minimum concentration required to detect expression of the protein in more than 90% of injected cells (4 Kg/ml; Fig. 1B , left panel). Death of motor neurons occurred after higher-level expression of mutant nef l (Fig. 1B , right panel); this does not correlate well with CMT2 because it is a peripheral axonopathy rather than a degenerative motor neuronopathy. Therefore, 4 Kg/ml of plasmid was used in our experiments because it seemed to correlate more closely with in vivo conditions in the disease.
Initially, the distributions of wild-type and mutant NFL were similar, indicating that mutant NFL can be integrated into a preexisting NF network; however, after 7 days, approximately 50% of motor neurons expressing NFL P8R or NFL Q333P showed at least 1 of the following abnormalities after immunolabeling with anti-myc: axonal swellings, misshapen or fragmented NF bundles, the presence of dense, 
, previously shown to upregulate the stress-inducible isoform HSPA1 and its cochaperone DnaJ (Hsp40) homolog, subfamily B, member 1 (DNAJB1) in almost all cultured motor neurons (27) . Coexpression of Hsf1 + did not alter the proportion of NFL wt -expressing motor neurons with visible abnormalities (Fig. 1D) ; however, the proportion of NFL P8R -expressing motor neurons with perikaryal and axonal abnormalities was dramatically reduced to control levels (Fig. 1D) . Although coexpressing Hsf1 + did not affect the proportion of NFL Q333P -expressing neurons with abnormalities overall, there was a dramatic redistribution to perikarya, with sparing of axons (Fig. 1D) . Thus, motor neurons expressing NFL Q333P or NFL P8R exhibit abnormalities that result in axonal swelling, neurofilament bundling, and 
HSPs HSPB1 and HSPA1 Differentially Prevent Aggregation of Neurofilament Light Chain Mutants into Inclusions
In our previous study, HSPA1 and DNAJB1 were upregulated in almost every cultured motor neuron that expressed Hsf1 + , whereas HSPB1 was upregulated in only 15% of neurons (27) . This suggests that the protective effect of Hsf1 + in motor neurons expressing NFL mutants was not mediated by HSPB1. To compare the effect of HSPA1 and HSPB1 directly, these chaperones were coexpressed individually with mutant or wild-type NFL. For these experiments, observations focused on the perikaryal distribution of NF proteins. After anti-myc immunolabeling, the distribution of NFL was categorized according to 4 phenotypes: thin filament bundles, a mix of thin and thick filament bundles, inclusions, or diffusely distributed NFL. Neither chaperone had a significant effect on the distribution of NFL wt (Table 1A; Figs. 2B, C). Both HSPs prevented the formation of NFL Q333P inclusions but in very different ways; that is, HSPB1 maintained this mutant protein diffusely distributed, whereas HSPA1 promoted its integration into filaments (Table 1B; Figs. 2E, F). Double labeling of the cultures with antibodies to HSPB1 or HSPA1 revealed that the chaperones themselves took on a punctate distribution in motor neurons expressing NFL mutants that was distinct from NFL inclusions (Figs. 2E, F) . Inclusions of HSPB1 were observed only in perikarya, whereas HSPA1 inclusions were distributed throughout perikarya and neurites.
Both HSPB1 and HSPA1 reduced the percentage of motor neurons containing NFL P8R inclusions, but whether this was by promoting incorporation into NF or by maintaining a diffuse distribution of the mutant protein was opposite to that observed when these HSPs were coexpressed with NFL Q333P ; HSPB1 promoted incorporation of NFL P8R into the NF network (Table 1C ; Fig. 2H ), whereas HSPA1 maintained NFL P8R in a more diffuse distribution or as small, punctate inclusions, not larger inclusions (Table 1C, Fig. 2I ). Moreover, HSPB1 and HSPA1 did not form inclusions in the presence of NFL P8R , as they did in neurons expressing NFL Q333P (Figs. 2E, F) . Thus, HSPB1 and HSPA1 both can prevent aggregation of CMT-causing NFL mutant proteins, but by mutant-specific mechanisms.
In this motor neuron culture model, both NFL P8R and NFL Q333P integrated into the preexisting NF network, with fragmentation of NF bundles and aggregation of NF proteins occurring after a delay of approximately 7 days. When these NFL mutants were expressed in SW13 vim-cells, they failed to coassemble with other NF proteins into a filamentous network (12, 13 
HSPs HSPB1 and HSPA1 Maintain Axonal Caliber in Motor Neurons Expressing Mutant Neurofilament Light Chains in a Mutant-Specific Manner
Because CMT2 is an axonopathy, we next addressed the question as to whether HSPB1 and HSPA1 had differential effects on axonal phenotypes in the culture model. As shown in Figure 3A , expression of NFL Q333P or NFL P8R led to a significant reduction in axonal diameter when compared with neurons expressing NFL wt . differential effects of these HSPs on the perikaryal NF abnormalities caused by the 2 NFL mutants, their effects on axonal caliber also were mutant-specific, that is, coexpression of HSPB1 preserved axonal diameter in motor neurons expressing NFL
As in experiments showing
P8R
, whereas HSPA1 prevented the reduction in axonal diameter in motor neurons expressing NFL Q333P .
Neurofilament Light Chain Mutants Induce Mitochondrial Abnormalities Before Disrupting the Neurofilament Network
Previous studies showed that the distribution of mitochondria was altered in cultured cells with aggregated NF due to expression of CMT-causing NFL mutants, including disrupted transport into processes (37, 38) . We therefore investigated whether mitochondria were affected in motor neurons expressing mutant NFL and any protective effect of HSPB1 and HSPA1. Mitochondria were imaged in fixed cells by coexpressing a plasmid encoding mitochondrially targeted eGFP (pOCT-eGFP).
Mitochondrial abnormalities were evident within 3 to 5 days, much earlier than the NF abnormalities shown in Figure 1 that became apparent at 7 days or later. In uninjected neurons (not shown) or in neurons overexpressing NFL wt , mitochondria had long, tubular shapes (Fig. 4A, left) and a mean length of 5.84 Km (Fig. 4A, right) . When either NFL HSPs HSPB1 and HSPA1 Preserve Mitochondrial Morphology As Well As Axonal Caliber and the Neurofilament Network Depending on the Neurofilament Light Chain Mutant Coexpression of either HSPB1 or HSPA1 with NFL wt in motor neurons had no effect on mitochondrial morphology or distribution but, when expressed with NFL mutants, preserved mitochondrial length (Figs. 4B, C) . As observed with other abnormalities, however, the 2 HSPs had disparate effects: HSPB1 prevented rounding of mitochondria in motor neurons expressing NFL P8R , but not NFL
Q333P
, whereas HSPA1 was beneficial in neurons expressing either NFL mutant.
Neurofilament Light Chain Mutants Decrease Mitochondrial Length in DRG Sensory Neurons
Because CMT affects peripheral sensory and motor neurons, subsequent experiments evaluated the effect of mutant NFL on mitochondrial shape in DRG sensory neurons in dissociated spinal cordYDRG cultures. A significant decrease in mitochondrial length was observed 5 to 7 days after microinjection of expression plasmid (Fig. 5) ; this was also before the formation of NFL inclusions (data not shown).
DISCUSSION
In this study, we established a primary culture model of CMT2E based on the method previously used in our laboratory to establish a model of familial ALS (35) . Expressing NFL with CMT-causing mutations in motor neurons of dissociated spinal cordYDRG cultures recapitulated key features of the disease observed in affected patients, namely, an axonopathy with axonal swellings, and generally reduced axonal caliber without overt motor neuron death. Disruption of the NF network and aggregation of NF proteins into inclusions occurred as expected from previous studies, but only after several days. Initially, both NFL P8R and NFL Q333P integrated into the endogenous NF network in motor neurons without obviously altering NF organization. This contrasts to the abnormal structures formed de novo in transfected SW13
vim cells expressing only mutant NFL and either NFM or NFH as an assembly partner. This suggests that integration of mutant NFL into a preexisting NFs network may depend on the relative levels of wild-type and mutant NFL.
Recently, a similar culture model of CMT2E was reported by Zhai et al (14) , but the results differed in that early and pronounced aggregation of NF proteins and motor neuronal death were prominent. The more subtle phenotype achieved in the present study could be due to the much lower concentration of plasmid injected, the incorporation of different epitope tags (his-myc in the present study, compared with eGFP in the study by Zhai et al), or the use of murine rather than human NFL. Human, but not murine NFL, can self-assemble in vitro, a property that might worsen the phenotype observed when human NFL is expressed in murine motor neurons (39) . The major difference likely results from the lower level of plasmid expressed in our study. Because four-fold overexpression of murine NFL in transgenic mice leads to the development of a motor neuronlike disease characterized by perikaryal and axonal NF protein accumulations (40), we deliberately chose to maintain low exogenous NFL levels. The model described here differs from that of Zhai et al (14) , in that neuronal death is not a key feature; it is also not a known or prominent feature in CMT patients. Rather, the common histopathological features observed in sural nerve biopsies of patients bearing NFL L286P , NFL P22S , and NFL E297K mutations included axonal swellings and disorganization of NFs (5, 41) . Secondary demyelination and onion bulb structures also are histopathological features of CMT2E (5, 7), but these features cannot be modeled in spinal cordYDRG cultures because myelination of motor axons is minimal.
A novel finding in the present study was the pronounced rounding of mitochondria and reduced axonal caliber that preceded NF disruption. Mitochondrial morphology is indicative of mitochondrial function (42) , and mitochondrial shapes are strongly influenced by the balance of fusion and fission reactions. Mitofusin 1, optic atrophy1, and mitofusin 2 (MFN2) are pro-fusion proteins (43) ; mutations in optic atrophy1 and MFN2 are associated with inherited human diseases. Indeed, MFN2 mutations have in CMT2A account for 20% of all CMT cases (44) . The expression of mutant MFN2 induces mitochondrial rounding due to impaired fusion and reduces axonal transport in sensory neurons (45) . Based on the similar mitochondrial phenotype induced by MFN2 and NFL mutants, we envisage The expression of CMT-related mutant NFL has been shown to affect both anterograde and retrograde transport; that is, NF inclusions cause aberrant trafficking of membranous organelles and mitochondria (38) . Alteration of mitochondrial distribution in axons has been demonstrated in DRG neurons (12) . The present study demonstrates that mitochondrial morphology is altered in both motor neurons and DRG and, importantly, that this occurs before the appearance of visible alteration of NF distribution or organization. Taken together, these data suggest that the pathological effects of NFL mutations could be linked to a disruption of NF-mitochondrial interactions, not just NF disorganization. Indeed, previous studies have implicated IF in positioning mitochondria for optimum availability of adenosine triphosphate (ATP), and cross-bridges connecting NFs and mitochondria have been observed in situ and in preparations of mitochondria and NF isolated from brain (46, 47) . Wagner et al provided evidence that the strength of mitochondrial-NF interaction is driven by the phosphorylation of NFH and NFM side-arms and high mitochondrial membrane potential. Thus, phosphorylated NF side-arms are implicated in temporarily immobilizing functional mitochondria in areas of high-energy demand (47 . HSPB1 and HSPA1 also prevented the aggregation of NF proteins in different ways for each mutant NFL. Reduction of inclusion formation through maintenance of a diffuse state, such as that observed for HSPA1 with NFL P8R and HSPB1 with NFL Q333P , was insufficient to maintain axonal diameter or mitochondrial morphology, demonstrating the importance of an intact NF network.
The cellular context also is important in determining not only the phenotype of CMT-causing NFL mutants but also the effect of HSPB1 and HSPA1 on that phenotype. Light neurofilament subunit mutants and HSPs had different effects in motor neurons than in the SW13 vim-transfection model in which NF formation occurs de novo and only NFL with NFM or NFH participate; this contrasts with motor neurons in which the complement of NF components is endogenously expressed.
HSPA1 and HSPB1 have varying but complementary roles within cells. HSPB1 can maintain misfolded proteins in a refolding-competent state but lacks the ATPase function required for refolding. HSPB1 is particularly important in protecting cells from oxidative stress, including stabilization of the cytoskeleton (48, 49) . HSPA1 refolds denatured proteins in an ATP-dependent manner or directs them toward proteasome degradation (50) . How these are functions related to their selectivity toward NFL P8R and NFL Q333P is presently unclear. The answer may lie in the position and nature of the mutations and which NF assembly stage they affect. The substitution of proline for glutamine at position 333 inserts a kink into the >-helix of the rod domain, exposing Q333P and direct its proteasomal degradation. On the other hand, the exchange of arginine for proline at position 8 leading to aggregation is probably due to the alteration in NF assembly properties controlled by the head domain either because of abnormal phosphorylation or because of exposure of hydrophobic domains. Because HSPB1 aids in the stabilization of IF, this chaperone may be more effective in preventing NFL P8R -mediated neuronal dysfunction. This function of HSPB1 was also demonstrated by Zhai et al (14) , although the molecular mechanism underlying this function remains undetermined. HSPB1 has been shown to promote disassembly of IFs in vitro (20) and to prevent the collapse of the vimentin network induced by cadmium in cells by maintaining levels of Triton X100-soluble vimentin (22) . Together with our results, these observations suggest that HSPB1 prevents abnormal assembly of NFs and that a specific mechanism acts to properly refold the NF network in neurons. Proper phosphorylation of the head domain may be working synergistically with the protein folding action of HSPB1. Indeed, HSPB1 also is involved in dephosphorylation of ser307 on Hsf1 through inhibition of extracellular-signalYregulated kinases 1 to 2 (51), so it is possible that HSPB1 through an action on mitogen-activated protein kinases could be involved in controlling the state of phosphorylation of NFL, NFM, and NFH after cellular stress and thereby regulating NFs assembly (52Y54).
In conclusion, we have identified mitochondrial involvement before NF disruption by CMT-causing mutant NFL proteins, thereby implicating mitochondrial dysfunction in the pathogenesis of CMT2E and supporting the potential use of chaperone-based therapies for its treatment. Their efficacy would depend, however, on the type of NEFL mutation.
